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Abstract Lentinula edodes is the second largest edible mushroom in the world and is widely used as food and medicine. Modern research

shows that lentinan (LNT) is the main active component of L. edodes. It has anti-cancer, treatment of diabetes, intestinal protection, anti-in-

flammatory, anti-oxidation, anti-aging, hepatoprotective, immune-regulating effects. In this review, the biological activity, action mechanism

and structure-activity relationship of LNT in recent years are reviewed. On this basis, the existing problems were discussed, and the future re-

search and application of LNT were prospected. Finally, it is hoped that this review will promote the in-depth study of LNT and provide a refer-

ence for its development as a drug and functional food.
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1 Introduction

Shiitake mushroom [ Lentinula edodes ( Berk) Sing], also
known as shiitake and shioshin, belongs to the genus Shiitake in
the family of white mushrooms (portulaca) (Tricholomaceae ) nr
and is the world second-largest cultivated edible fungus, account-
ing for about 25% of global production”’. As early as in the Com-
pendium of Materia Medica, it is recorded that shiitake mushroom
has the effect of " sweet, flat, non-toxic, can benefit qi and not
hunger, cure the wind and break the blood, dissolve phlegm, ben-
efit the taste and help food, and manage the incontinence of
urination" . Shiitake mushroom, as a medicinal food™’, has high
nutritional value and contains a variety of biologically active com-
pounds, lentinan (LNT), dietary fiber, ergosterol, vitamins Bl
B2, and C, folic acid, niacin, and minerals'’. Beginning with
the first extraction of shiitake crude polysaccharide from shiitake
mushroom by hot water extraction method in 1969 and proving its
activity in inhibiting sarcoma in mice”’ | a large number of scien-
tific experiments have been carried out since then with LNT as the
target to study its extraction method, biological activity and struc-
ture. In this paper, we reviewed the activities of LNT from anti-
cancer, treatment of diabetes, intestinal protection, anti-inflam-
matory, antioxidant, anti-aging, hepatoprotective, immunomodu-
latory and so on, with a view to provide a reference for the further

development, utilization and in-depth research of LNT.

2 Biological activity of LNT

2.1 Anticancer activity Despite our growing understanding of
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cancer, the prevalence of cancer continues to increase each
yearm. Data from the World Health Organization ( WHO) in
2020 indicated that there were nearly 19. 3 million diagnosed cases
of cancer and approximately 10 million cancer deaths worldwide,
with the top five diagnosed cancers being: breast (11.7% ), lung
(11.4% ) , colorectal (10.0% ), prostate (7.3% ), and stomach
(5.6%)"". Traditional cancer treatments include surgical resec-
tion, chemotherapy and radiotherapy. Among them, surgery and
radiotherapy are more damaging to the human body, and chemo-
therapy also causes unavoidable damage to the body during treat-
ment, such as hair loss and gastrointestinal toxicity™’. In recent
years, natural products have become a top priority in the develop-
ment of anticancer drugs due to their well-defined anticancer
effects and abundant candidate resources™ | so it is important to
search for natural anticancer products that are safe, efficient, with
few side effects and highly targeted. According to studies, LNT
has certain biological activities against pancreatic cancer, thyroid
cancer, human glioma, leukemia, colorectal adenocarcinoma,
hepatocellular carcinoma, cervical carcinoma, prostate cancer,
and breast cancer, and exerts its anticancer activities mainly
through value-added inhibitory effects, cell cycle modulation, in-
hibition of cell migration, induction of apoptosis, and activation of
immune cells. Therefore, LNT can be used as a natural antitumor
agent in cancer symptom reduction drugs or and functional food in-
dustry. The action mechanism and effects of antitumor activity of
LNT are shown in Table 1.

2.2 Therapeutic diabetic activity Diabetes mellitus (DM) is
a chronic metabolic disease with abnormally elevated blood glucose
levels, and more than 400 million people worldwide suffer from di-
abetes mellitus, and its morbidity and mortality rates have been on
the rise year by year, while the most common cause of death is
chronic complications, which are most fundamentally vascu-

lar™ ). Studies have shown that LNT attenuates high glucose-
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Table 1 Recent studies on anti-cancer effect and action mechanism of LNT

Subjects Method Dosage Mechanism and effect Reference
ASPC-1 In vitro 1, 10, 20, 40, 80, 160, Enhancing the inhibitory effect on the proliferation of ASPC-1 cells [10]
320 wg/mL and promoting apoptosis
Mouse A mouse model of thyroid cancer 20 mg/kg m, Regulating Wnt-B-catenin signaling pathway to inhibit tumor growth ~ [11]

was established by injecting thy-
roid cancer TT cell suspension
into the back
SHG44 In vitro 2, 4 mg/mL By regulating the cell cycle of SHG44, it can inhibit the prolifera-  [12]
tion of SHG44 cells and inhibit the migration of tumor cells
HL-60 In vitro 15, 30, 45 mg/L Inhibiting PI3K-Akt signaling pathway induces apoptosis of HL-60  [13]
cells
SW837 In vitro 0.4 -4.0 mg/mL Regulating the expression of immunogenic death-related molecules, [14]
immune checkpoint molecules and costimulatory molecules
Male mice A tumor-bearing mouse model 50, 100, 200 mg/kg m, Inhibiting Akt pathway promotes mitochondrial apoptosis pathway — [15]
was established by subcutaneous and inhibiting tubulin polymerization
inoculation of H22 cells
Female mice Tumor-bearing mouse model was 5, 50, 500 wg/mL m, Up-regulation of Bax and down-regulation of Bcl-2 expression arres- [ 16]
established by intraperitoneal in- ted tumor cells in G,-M phase, leading to apoptosis
jection of H22 cells
HCT-116, HeLa In vitro 0.056, 0.112, 0.224, Tt showed cell proliferation inhibitory activity against HCT-116 and ~ [17]
0.448, 0.896, 1.792 mg/ml. HeLa cells in vitro
S-180, HT-29, In vitro 5 mg/mL In vitro, it showed tumor cell proliferation inhibition on S-108 [18]
HCT-116 cells, HCT-116 and HT-29 cells
H22 In vitro 500 pg/mL It destroys the cell microtubule network, arrests the cell cycle in ~ [19]
G,-M phase, and induces apoptosis
Male mice A tumor-bearing mouse model 50, 100, 200 mg/kg m, Inducing apoptosis in hepatocellular carcinoma cells by G,-M phase ~ [20]
was established by subcutaneous arrest, increased ROS levels, down-regulation of Bcl-2 expression
injection of H22 cells and activation of caspase-3 expression
CAF In vitro 0,0.1, 0.2, 0.3, 0.4, Inhibit the growth of prostate cancer cells and change the function [21]
0.5 mg/mL of prostate CAF by activating TLR4-NF-kB pathway
CAF, PC-3 In vitro 0.5 mg/kg Activating p21 expression in PC-3 cells by regulating the FoxO  [22]
pathway induces Gy -G, cell cycle arrest in PC-3 cells
Male athymic A mouse model of colon cancer 0.2, 1,5 mg/kg m, Apoptosis is induced by ROS-mediated endogenous and TNF-q-me-  [23]
nude mice was established by subcutaneous diated exogenous pathways
injection of HT-29 cells
Female athymic A mouse model of breast cancer 1 mg/kg m, The proliferation of MCF-7 cells was inhibited and apoptosis was — [24]
nude mice was established by subcutaneous promoted by inhibiting the activation of PI3K-Akt-MDM2-p53 and
injection of MCF-7 cells PI3K-Akt-mTOR pathways and activating ERK-dependent path-
ways. Apoptosis of tumor cells was induced by activating caspase-3
signaling pathway
Mouse A mouse model of colorectal 30 mg/kg m, Inhibiting lymphangiogenesis and lymphatic metastasis in colorectal ~ [25]
cancer was established by subcu- cancer mice through the TLR4-JNK pathway of CAF cells,
taneous injection of CT-26 cells
Hela In vitro 5 mg/mL The ratio of Bax/Bel-2 was increased, mitochondrial membrane po- [26]
tential was lost, cytochrome c¢ was released from mitochondria to
cytoplasm, and caspase-9 and caspase-3 were activated. Mitochon-
drial-mediated signaling pathway was involved in LNT-induced ap-
optosis
Female mice A tumor-bearing mouse model 5 mg/kg m, Biodegradable LNT fragments released by macrophages promote the — [27 ]

was established by subcutaneous

injection of H22 cells

infiltration of macrophages, neutrophils and dendritic cells into
tumors, and activate immune cells to enhance their cytotoxicity to

tumor cells, resulting in tumor growth inhibition

Note : phosphoinositide-3 kinase-protein kinase B ( PI3K-Akt) ; B-cell lymphoma-2 (Bcl-2) ; phase/mitotic period (G,-M) ; reactive oxygen species ( ROS) ; Toll-
like receptor 4 (TLR4 ) ; cancer-associated fibroblast ( CAF); forkhead box O ( FoxO); nuclear factor-kappa B ( NF-kB); murine double minute 2
(MDM2) ; mammalian target of rapamycin (mTOR).
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induced oxidative stress and apoptosis in human umbilical vein en-
dothelial cells ( HUVEC) by modulating the ROS-p38-MAPK
pathway , reverses type 1 diabetes by stimulating the production of
regulatory T cells from CD4 " T cells, reverses type 1 diabetes by
activating the Nrf2- HO-1 signaling pathway to regulate streptozo-
tocin (STZ)-induced type 2 diabetes ( Table 2). Therefore, the

study of the action mechanism of LNT in the treatment of diabetes,
alleviation of diabetic complications, and protection of pancreatic
cells is of potential research significance for the development of it
as a therapeutic or adjunctive drug for the treatment of diabetes,
as well as for the development of it as a nutraceutical product with
a pancreas-protective effect.

Table 2 Recent studies on treatment of diabetes effect and action mechanism of LNT

Subjects Method Dosage Mechanism and effect Reference
HUVEC HUVEC injury induced by high 200, 400, 800 mg/L Regulating the ROS-p38-MAPK pathway, enhance the autophagy — [30]
glucose level of HUVEC cells, and improve intracellular oxidative stress
HUVEC In vitro 0.012 5, 0. 025, 0. 05 Inhibiting MAPK signaling pathway can reduce oxidative stress and ~ [31]
mg/mL apoptosis of HUVEC cells induced by high glucose, and effectively
inhibit the formation of AGEs
Female non-obese Intraperitoneal injection of LNT 5 mg/kg mb LNT can stimulate CD4* T cells to produce regulatory T cells, [32]
diabetic mice which can be used to reverse hyperglycemia in early and late stage
of type 1 diabetes
Pancreatic 8 In vitro 0.012 5, 0.025, 0.05, Inhibition of MAPK and NF-«kB and signaling pathways reduces  [33]
cells 0.1, 0.2 mmol/L glucose-induced oxidative stress and inhibits pancreatic B-cell ap-
optosis
MIN6 In vitro 0.012 5, 0. 025, 0. 05 Inhibiting p38-MAPK and JNK signaling pathway and activating  [34]
mg/mL Nrf2 signaling pathway; High glucose-induced apoptosis was pre-
vented by reducing Bax expression and activating caspase-1 and
caspase-3
Male mice Type 2 diabetes model was estab- 50, 100, 200 mg/kg mb The mRNA and protein expressions of Nrf2-HO-1 signaling pathway ~ [35]

lished by intraperitoneal injection
of STZ after high-fat and high-

sugar feeding

are up-regulated, and diabetes is treated by regulating oxidative

stress

Note: nuclear factor-E2-related factor 2 ( Nif2 ) ; heme oxygenase 1 ( HO-1);

(AGEs) ; c-Jun N-terminal kinase (JNK).

2.3 Enteroprotective activity The gut microbiota plays a cru-
cial role in host cell metabolism, pathogen resistance, and immune
organ development and can be modified by dietary changes™’.
LNT was found to slow down rotavirus (RV)-induced diarrhea by
improving ileal mucosal immune function, increasing antioxidant
capacity, and decreasing apoptosis; ameliorate lipopolysaccharide
(LPS) -stimulated jejunal cell death by modulating key genes of
programmed necrosis, pyroptosis, and autophagy signaling path-
ways; and can shift the overall composition of the intestinal flora

mitogen-activated protein kinase ( MAPK) ; advanced glycation end products

from thick-walled phylum-dominated to bacillus-mimetic phylum-
dominated to regulate intestinal microbial dysbiosis; in addition, it
can alter the NF-kB signaling pathway to improve the morphology
of colon tissues and reduce the pro-inflammatory cytokines in anti-
biotic-induced intestinal microbial dysbiosis in mice ( Table 3).
Therefore, LNT is highly likely to be a natural agent for the treat-
ment of bacterial viral intestinal damage and may be a good prebi-
otic supplement to protect the gut by improving the composition of
the intestinal flora.

Table 3 Recent studies on intestinal protection effect and action mechanism of LNT

Subjects Method Dosage Mechanism and effect Reference

Pig Feeding RV solution made piglet 84 mg/kg m, Improve the ileal mucosal immune function of piglets, thereby alleviating RV~ [37]
diarrhea. infection

Weanling pig Peritoneal injection of LPS-stimu- 0.02% Maintain intestinal integrity by regulating key genes in programmed necrosis, [38]
lated piglet jejunum cell death pyroptosis, and autophagy signaling pathways

Mouse The intestinal flora of LNT and 40 mg/kg m, The overall composition of intestinal flora in mice changed from Firmicutes to  [39]
normal fed mice were compared Bacteroidetes

Weanling pig Piglet viral diarrthea caused by 0, 84 mg/kg m;, RV-induced diarrhea in piglets was alleviated by increasing antioxidant capac- ~ [40]
oral RV ity, reducing apoptosis, increasing microbiota and improving intestinal barrier

Male mice Antibiotic-induced intestinal mi- 200 mg/kg m, By regulating the intestinal flora, the expression of NF-kB signaling pathway — [41]

crobial dysbiosis in mice

was down-regulated, the expression of tight junction protein was increased,
the level of pro-inflammatory cytokines was decreased, and the content of

short-chain fatty acids was increased
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2.4

protective response of the innate immune system in response to in-

Anti-inflammatory activity Inflammation is a natural

jury or external stimuli such as allergens, pathogens, infections,
[2-51 " Suudies have shown that LNT has good anti-
inflammatory activity, and it can inhibit high-fat diet-induced adi-

and irritants

pose tissue inflammation, Klebsiella-induced pneumonia, 2 ,4-di-
nitrochlorophenyl ethanol and dextran sodium sulfate ( DSS)-in-
duced colitis, LPS-induced mastitis, and septic shock, etc. The
mechanism of LNT anti-inflammatory activity is mainly as follows
inhibiting the RIPK1-RIPK3-MLKL signaling pathway, regulating

the activation of NOD-like receptor thermal protein domain associ-

ated protein 3 (NLRP3) and inhibiting the activation of the Wnt-
B-catenin pathway. The therapeutic effect of LNT on inflamma-
tion is multi-targeted, and it can treat a variety of inflammatory
responses induced by different modalities, but the relevant exper-
iments are cell or animal model experiments, and there is a lack
of relevant clinical trial data, so the mechanism of anti-inflamma-
tory activity of LNT can be further investigated, to provide theo-
retical support for its use as a clinical trial, which is expected to
become a new natural anti-inflammatory drug. The action mecha-
nism and effect of the anti-inflammatory activity of LNT are shown

in Table 4.

Table 4 Recent studies on anti-inflammatory effect and action mechanism of LNT

Subjects Method Dosage Mechanism and effect Reference
Male mice Obese mouse model was estab- 500 mg/kg m, Inhibiting adipose tissue inflammation in high-fat diet mice and impro-  [30]
lished by high-fat diet ving glucose and lipid metabolism disorders in adipose tissue
Bovine mammary In vitro 0, 50, 100, 200, 300 By regulating the Nrf2 pathway to exert anti-inflammatory, antioxidant  [44 ]

epithelial cells wg/mL and anti-apoptotic effects, thereby reducing LPS-induced bovine mam-
mary epithelial cell injury
Male rat Pulmonary sepsis model was es- 20 mg/kg m, Reducing bacterial count and white blood cell infiltration into the lungs  [45]
tablished by intratracheal admin- during pneumonia; Improving lung function and circulating metabolite
istration of Klebsiella pneumoniae levels; decreased IL-10 and increased TNF-a levels enhanced the in-
flammatory response to infection
Female mice DSS induced colitis model in 2 mg/mL m, PIK1-RIPK3-MLKL necrosis signal was significantly inhibited by PIK1-  [46]
mice RIPK3-MLKL necrosis signal, resulting in decreased phosphorylated
MLKL levels in the colon of colitis mice
A549 In vitro 100 pg/mL It inhibits caspase-1 activity, down-regulates the expression of IL-6 and  [47]
IL-1B, and increases ROS and mitochondrial dysfunction. Its level does
not induce cell death, but regulates NLRP3 activation
Female mice DSS induced colitis model in 100 pg/pL m, The ileum regulates a balanced Thl immune response and then inhibits ~ [48]
mice colitis
Mouse Mastitis model was established by 5, 10, 20 mg/kg m, The anti-inflammatory effect is exerted by inhibiting the activation of  [49]
abdominal mammary injection of Wnt-B-catenin pathway
LPS
SW1353 In vitro 250 =500 pg/mL By reducing the expression of COX-2 and iNOS in SW1353 cells, the [50]
production of pro-inflammatory cytokines was inhibited. Reducing the
activation of NF-«kB signaling pathway
Male mice The septic shock model was es- 2, 10 mg/kg m, Selective inhibition of IL-13 maturation induced by AIM2 inflammasome [ 51]

tablished by intraperitoneal injec-
tion of LPS

activation

Note: receptor-interacting protein kinase I-receptor-interacting protein kinase 3-mixed lineage kinase domain-like ( RIPKI-RIPK3-MLKL ) ; interleukin-10

(IL-10) ; tumor necrosis factor-a (TNF-a) ; cyclooxygenase-2 (COX-2) ; inducible nitric oxide synthase (iNOS) ; absent in melanoma 2 (AIM2).

2.5 Antioxidant and anti-aging activity Oxidative stress, an
adverse reaction caused by ROS, is a major factor contributing to
aging and various age-related diseases in humans and other ani-
mals'™'. Studies have shown that LNT possesses antioxidant and
anti-aging activities. LNT protects against H,0, , benzo(a) pyrene-
induced damage to human immortalized keratinocytes ( HaCaT') ;
improves the antioxidant capacity of loach under ammonia-nitrogen
stress; extends the lifespan of Cryptobacterium hidradii nematodes
and protects the nematodes by its antioxidant capacity from oxida-
tive stress; and reversing age-altered gut microbiota structure. In

addition, the antioxidant capacity of LNT may have applications in

the field of sperm cryopreservation. During processes, such as
freezing and thawing of semen, ice crystal formation, osmotic im-
balance, and oxidative stress can occur, causing irreversible dam-

age to sperm[sﬂ

In contrast, LNT can reduce malondialdehyde
(MDA ) content in semen, elevate total antioxidant capacity
(T-AOC) and total glutathione (T-GSH), activate spermatozoa’s
own antioxidant system, and improve sperm viability and acrosomal
integrity after thawing of frozen spermatozoa. Sperm viability and
acrosome integrity after thawing of frozen spermatozoa™’. The ac-
tion mechanism and effect of LNT antioxidant and anti-aging activi-

ties are shown in Table 5.
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Table 5 Recent studies on anti-oxidation and anti-aging effect and action mechanism of LNT

Subjects Method Dosage Mechanism and effect Reference

Loach LNT is added to the feed and fed 1.0 mg/g LNT can improve the antioxidant capacity of Misgurnus anguillicau- [ 55 ]
datus under ammonia nitrogen stress

HaCaT H, 0, induced cell damage 7.5,15, 30, 60 pg/mL  LNT can enhance the tolerance and anti-stress of cells to oxidative  [56]

damage, and has protective and repair effects on damaged cells

Caenorhabditis  Culturing with buffer solution 0.05, 0.25, 1.25 mg/mL By enhancing the nuclear translocation of DAF-16 and SKN-1, the  [57]

elegans
HaCaT Benzopyrene induced cell damage 7.5, 15, 30, 60 pg/mL
Male mice Elderly mice were given LNT by 40 mg/kg m;

gavage

lifespan of C. elegans is prolonged and C. elegans is protected from
oxidative stress

By reducing the content of MDA and increasing the activity of SOD  [58 ]
and GSH-Px, the redox balance of cells was restored

Increase the level of peripheral blood cytokines to restore the age-  [59]
attenuated immune response and reverse the age-changed intestinal

microflora structure

2.6 Hepatoprotective activity The liver is a major metabolic
organ in vertebrates and other animals, responsible for primary de-
toxification, and has a variety of functions in the body, including
glycogen storage and catabolism, erythrocyte catabolism, phagocy-
tosis, and detoxification. Therefore, the liver is susceptible to
0-1 " Studies have

shown that LNT has hepatoprotective activity and has therapeutic

damage caused by various toxins or metabolites

effects on high-fat-induced nonalcoholic fatty liver disease, sodium
arsenite-induced hepatotoxicity, and LPS-induced liver injury, and
its action mechanism includes activation of the PPARa pathway,

reduction of oxidative stress and apoptosis, and participation in
tumor necrosis factor receptor superfamily member 4 ( OXF4 ),
which is the most effective and efficient way to prevent liver dam-
age. Superfamily member 4 (0X40) or IL-17A down-regulation,
activation of Nif2 and quinone oxidoreductase 1 (NQO1) signaling
pathways can enhance antioxidant capacity and inhibit lipid peroxi-
dation progression (Table 6). Therefore, LNT can be utilized to
develop into nutraceuticals with hepatoprotective effects or natural
preparations for clinical treatment of liver injury.

Table 6 Recent studies on hepatoprotective effect and action mechanism of LNT

Subjects Method Dosage

Mechanism and effect Reference

Male mice Establishment of nonalcoholic fatty 6 mg/kg m,
liver disease model by high fat diet

Male mice A mouse model of liver toxicity was 1.0 mg/kg m,
established by intragastric adminis-
tration of sodium arsenite

Male mice Liver injury model was established 200, 400, 600 mg/kg m,

by intraperitoneal injection of LPS

It can improve hepatic steatosis, reduce oxidative stress and apoptosis [ 63 ]
by activating PPAR« pathway

It is involved in the down-regulation of OX40 or IL-17A and the acti-  [64]
vation of antioxidant Nrf2 and NQOLI signals, and antagonizes sodium
arsenite-induced hepatotoxicity in mice

LNT increased the activities of SOD, CAT, GSH-Px and T-AOC, de- [65]
creased the contents of MDA and LPO, and exerted hepatoprotective

activity by inhibiting the progression of lipid peroxidation

Note; catalase (CAT) ; glutathione peroxidase ( GSH-Px) ; lipid peroxidation ( LPO).

2.7 Immunomodulatory activity In recent years, immuno-
therapy has attracted the attention of many researchers, which can
protect the organism from cancer by stimulating immune effector
cells such as, lymphocytes, macrophages, neutrophils, natural
killer cells, and dendritic cells to target abnormal antigens ex-
pressed on the surface of tumor cells'®’. In addition, oral admin-
istration of some bioactive macromolecules induces intestinal muco-
sal immunity, a primary response that is extremely important in the
induction of immune tolerance and innate immunity against intra-
cellular pathogens'® .

Studies have shown that LNT has immunomodulatory activity,
and the mechanisms by which LNT exerts its immunomodulatory
activity in in vitro cellular assays are: (i) by regulating the de-
crease in the level of chemokine ligand-2 (CCL-2); (ii) by regu-
lating the MAPK signaling pathway. The mechanisms of action in
animal studies are: (i) immunosuppressive mouse model of cyclo-
phosphamide (CTX), up-regulating the proportion of activated T
cells, the number of M cells in Peyer’s patches (PPs) and their

enhanced antigen-transferring ability; and (ii) mouse model of
S-180 tumors, which induces NO production, activation of macro-
phage phagocytosis, induction of lymphocyte proliferation, and up-
regulation of CD4 " T cell levels in lymphoid organs; (iii) a mouse
model of breast cancer, by decreasing the expression of IL-35, in-
creasing the secretion of interferon-y (IFN-y) , and promoting the
cellular activity of CD4 Th, and T helper cell 17 (Th17); (iv) a
mouse model of breast cancer in Normal mice, which significantly
enhanced the immune response by affecting gene expression in the
small intestine, cecum, and colon (Table 7). In addition, it has
been shown that covalent attachment of LNT to multi-walled carbon
nanotubes enhances the immunoreactivity of LNT, and that the
nanotube structure allows rapid access to dendritic cells and in-
duces phenotypic and functional maturation of dendritic cells™".
Therefore, the immunomodulatory activity of LNT can be fully uti-
lized to develop it to be a health food with immune-enhancing
effects or a therapeutic drug for clinical immunotherapy.
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Table 7 Recent studies on immune-regulating effect and action mechanism of LNT

Subjects Method Dosage Mechanism and effect Reference
HaCaT Benzopyrene induced cell damage 7.5, 15, 30, 60 pg/mL  The levels of IL-8 and CCL-2 decreased, indicating that LNT re-  [58]
duces inflammation and plays an immunoregulatory role
Female mice Immunosuppressive mouse model 400, 600, 800 mg/kg m,  The percentage of T cells and B lymphocytes was maintained, and ~ [71]
was established by injection of CTX the proportion of activated T cells was up-regulated. The number of
M cells and their antigen transfer ability were enhanced
RAW264.7  In vitro 12.5, 50, 100 pg/mL It plays an immune-enhancing role by activating the MAPK signa- [72]
ling pathway
Male mice S-180 cells were injected into the 100 mg/kg m, Tt exerts immunomodulatory activity by inducing NO production, [73]
ascites of mice to establish a tumor- macrophage phagocytosis and lymphocyte proliferation involved in
bearing mouse model anti-tumor activity
Female mice A mouse model of breast cancer was 200 mg/kg m, It can reduce the expression of IL-35 in tumor tissue and spleen tis- [74]
established by injecting breast canc- sue, increase the secretion of IFN-v, reduce the inhibitory activity
er 4T1 cells of T cells and other cells in vivo, and promote the activity of CD4
Th, Th17 and other cells
Female mice  Tumor-bearing mouse model was es- 1 mg/kg m, Up-regulating the level of CD4* T cells in lymphoid organs, reduc-  [75]
tablished by intraperitoneal injection ing tumor load and promoting immune regulation
of S-180 cells
Male mice LNT was administered to mice by 40 mg/kg m, The immune response is significantly enhanced by affecting gene  [76]

gavage

expression in the small intestine, cecum and colon

2.8 Other activities
ment, intestinal protection, anti-inflammatory, antioxidant, anti-

In addition to anticancer, diabetes treat-

aging, hepatoprotective, and immunomodulatory activities, LNT
also has antirespiratory infections, protection against lung and kid-
ney damage, enhancement of bone metabolism, antiviral, allevia-
tion of depression, alleviation of myelosuppression, neuroprotec-
tion, and improvement of cognitive disorders, and its action mech-
anism and effects are shown in Table 8. When LNT and epirubicin
are used in combination, LNT has a direct potentiating effect on
the killing of bladder cancer cells by epirubicin'”’. In addition, a
study added LNT to the feed of European eel, which promoted the
growth of European eel, and also lowered blood lipids and im-
proved liver health!™ ; LNT was used as a seed dressing to plant
wheat seeds, which effectively prevented and controlled wheat
sharp eye spot'””’. In addition, in a study, researchers conducted
an interesting experiment to utilize the property that the chemical
and nutrient composition of shiitake mushrooms change significant-
ly when they are grown on different substrates, and researchers re-
placed the traditional shiitake mushroom medium with astragalus to
obtain a kind of astragalus shiitake mushroom, and the study
showed that this LNT had better in vitro anti-proliferative activity

against colon cancer HCT-116 cells™’ .

3 Structure-activity relationship of LNT
LNT is a glucan molecule with 3-D-(1—3)-Glc as the main
chain and 1—6 and 1—3 linked glucose residues as the side

chains™’

. The bioactivity of LNT is closely related to its spatial
structure, molecular mass, and molecular composition, and in ad-
dition, chemical modifications have a greater impact on the bioac-
tivity of LNT. Therefore, it is valuable to explore the structure-ac-
tivity relationship of LNT to elucidate how its complex structure ex-

erts its biological activity.

3.1 Spatial structure and molecular mass of LNT in relation
to its activity Zou et al'”' extracted polysaccharides from shi-
itake mushrooms of three different periods, autumn-grown mush-
rooms (AG) , spring-grown mushrooms (SG) and cultivated-grown
mushrooms (CG), AG and SG existed in a network-like form, in
contrast to CG which did not form a network but existed as random
aggregates, and AG which was in a network-like form showed a
higher tumor-inhibitory activity than CG, which did not form a net-
work-like form. Wang et al. ™' isolated five types of LNTs and
studied them and found that LNTs with high molecular weights
(617.6 and 638.7 kDa) were more effective in inhibiting the pro-
liferation of tumor cells than the other ones with low molecular
weights (97.57, 273.8 and 151.3 kDa. ) Zhao et al. U7.87) and
Zhang et al. ™ showed that LNT with molecular weight between
200 and 800 kDa had better tumor cell proliferation inhibitory ac-
tivity. As a natural macromolecular compound, the spatial struc-
ture and molecular weight of LNT are two important evaluation in-
dexes. LNT with network shape and high molecular weight is more
advantageous in anti-tumor cell proliferation inhibitory activity.

3.2 Relationship between the molecular composition of LNT
and its activity Shiitake mushroom has a strong ability to absorb
metal ions in the medium, and the extracted LNT often contains
various metal ions such as, Mg, K, Ga, Zn, etc. Qian et al™ re-
moved the metal ions from LNT and obtained deionized LNT to ex-
plore the activity of LNT before and after deionization, and the
study showed that, after removing the intrinsic metal ions, the an-
tioxidant capacity of polysaccharides was reduced, and their inhib-
itory effect on the tumor cell proliferation was inhibition of tumor
cell proliferation was weakened. Therefore, the metal ions present
in LNT are its important components, and its antioxidant capacity
and anti-tumor proliferation activity are closely related to the metal

ions.
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Table 8 Recent studies on other biological activities and action mechanism of LNT
Subjects Method Dosage Mechanism and effect Reference
Human bladder In vit LNT:100 nmol/L; LNT has a direct synergistic effect on epirubicin, which is independent [77]
n vitro
cancer cells 2.5,5.0, 10 pmol/L  of the up-regulation of inflammatory factors TNF-a and 1L-6
Promoting the vth of E can eel, reducing blood lipids, and i -
Anguilla anguilla Added to the feed 480 mg/kg romonng He growth of uropean ecl, reducing blood HpIas, and mpro= — r7¢1
ving liver health
LNT d | dressi The transcription of AOX, B-1, 3-glucanase, salicylic acid signaling
d as s ressin
Wheat seed was used as seed dressing 40, 80 mg/kg pathway related gene NbPR1a and sharp eye spot resistance related gene  [79]
agent to plant wheat seeds . .
RS33 was increased
A mouse model of lung cancer was - . L . .
. . L. The combination of potential probiotics C17 and D19 strains with LNT
established by intratracheal instilla- . X . . K
Male mice . . T g . .. . 3 mg’kgm, can regulate the diversity of respiratory flora in lung cancer mice exposed [ 81]
tion of PM, s after tail vein injection 0 PM
0
of A549 cells >3
Male mice Seps?s rrfodel was establlished by ce- 100 mg/kg m, Fl rr.la'y.play ra‘proleclive role in m?ce .wilh sepsis-induced lung injury by (82]
cal ligation and perforation method inhibiting mTOR pathway and activating autophagy
A mouse model of renal injury was 0, 5, 10, 20, 40, . - .
The accumulat f ROS was ted by activating Nrf2-ARE signa-
Mouse established by tail vein injection of 60, 80, 100 mg/kg ¢ accumuiation o . Ade [-)re\./en eq Dy achiva 1r‘1g- Send [83]
. . ling pathway to alleviate cisplatin-induced nephrotoxicity
cisplatin my,
By inhibiting IL-6, IL-18 and NO signaling molecules, and down-regu-
Male mice A-cute lung mJury r‘no‘dcl‘ was estab- 50, 100 mg/kg m, 1ating the expl‘(‘:sAsiLm of iNOS, COX-2, TLR4 and N.F_KB p65 protein‘s, (841
lished by tail vein injection of LPS it plays an anti-inflammatory role and has a protective effect on sepsis-
induced acute lung injury
A rat model of vitamin D deficiency 150, 450 me/k By acting on the vitamin D-FGF-23-Klotho axis, the axis factor is regu-
Rat was established by feeding rats with m ’ 8 lated, the content of vitamin D is increased, and the osteogenic disorder  [85]
vitamin D-deficient diet b caused by vitamin deficiency is improved
A model of avian influenza virus in- Combined with the immunostimulatory activity of LNT and the drug anti-
Female mice fection was established by inocula- 500 pg/mL m, gen delivery ability of CaCO;, CaCO;-LNT-H5NI can induce stronger [ 86 ]
ting H5NI strain cellular and humoral immune responses
10, 20, 30, 40, 50
HepG2.2. 15 Infection with HBV virus g’/ L’ T LNT has strong anti-HBV activity in vitro [87]
mg/m
Chronic stress depression model in 2.5, 5.0 mg/k LNT can increase SOD, antagonize MDA content, alleviate depressive
Mouse mice induced by unpredictable m T 8 symptoms in chronic stress model mice, and increase the autonomic ac- [ 88]
stress stimulation b tivity time of mice
LNT induces the production of G-CSF, GM-CSF and M-CSF by activa-
Macrophages In vitro 10, 20, 40 wg/mL ting the MAPK/NF-kB signaling pathway in cells, thereby alleviating [89]
therapeutic erythromycin-induced bone marrow suppression
Epithelioma pap- 0.56. 3.12, 6.25. A.fle'r .IHNV attack , the expression levels of TNF-OL, IL-2 and IL-11 were
o . significantly down-regulated, and the expression levels of IFN-1 and
ulosum cyprini In vitro 12.5, 25, 50, 100 . [90]
IFN-y were up-regulated. The mechanism may be related to the regula-
(EPC) wg/mL . . . e .
tion of innate immune response and specific immune regulation
By reducing the entry of CD8 * T cells into the CNS through the blood-
To establish a mouse model of cen- brain barrier, the extensive inflammatory response of the nervous system
Male mice tral nervous system injury induced 1 mg/kg m, is reduced; by reducing the number of CD8* TFN — y* T cells in the [91]
by Toxoplasma gondii infection brain tissue, regulating the secretion level of neurotransmitters, and im-
proving the inflammatory response in the mouse brain
Partial hepatectomy model in aged LNT inhibits the release of inflammatory cytokines TNF-a, IL-18 and
Male mice mice was established by removing 20 mg/kg m,, IL-6 in peripheral blood and hippocampus, and can effectively improve — [92]
part of liver tissue postoperative cognitive dysfunction in elderly mice with partial hepatectomy
. Increased mucosal thickness in mice fed a high-fat diet, up-regulated the
A mouse model of obese cognitive . S . . .
. L . . expression of tight junction protein occludin, reduced plasma LPS lev-
Male mice impairment was established by high- 500 mg/kg m, . . . . [93]
.. . els, and inhibited the accumulation of pro-inflammatory macrophages in
fat diet-induced obesity
the colon
Dicyclohexanone oxalyl dihydrazone It promotes the transformation of microglia from M, to M, state, en-
. was added to the feed to establish a 4, 10, 20 mg/kg hances IL-10 and BDNF, inhibits TNF-o and IL-18, and down-regu-
Male mice [94]

mouse model of acute demyelination

with regenerable myelin sheath

my,

lates microglia activation, oligodendrocyte and astrocyte proliferation by

regulating dectin-1 to regulate neuroimmune imbalance

Note: antioxidant-response element (ARE) ; Hepatitis B (HBV) ; Infectious hematopoietic necrosis virus (IHNV) ; central nervous system (CNS) . alternative ox-
idase (AOX) ; brain-derived neurotrophic factor (BDNF).
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3.3 Effect of chemical modifications on LNT bioactivity
1" and Klimaszewska et al'®’ found that LNT selenated

had stronger antioxidant activity and immunostimulatory activity,

Kaleta et a

and that selenated LNT increased cell viability and enhanced cyto-
toxicity against cancer cells. Wang et al''®’ and Wang J et al'™’
found that sulphated LNT, compared with unsulphated, possessed
stronger antibacterial activity, antiviral infection activity and inhi-
bition of tobacco mosaic virus proliferation activity in a dose-de-
pendent manner. Wang et al''”’ found that zincation-modified LNT
possessed stronger anti-aging activity and in vitro antioxidant activ-
ity. In conclusion, different ways of chemical modification can
have a large impact on the biological activity of LNT. In contrast to
unmodified LNT, its derivatives tend to have more biological activ-
ities or enhanced on the basis of existing activities. Therefore, ex-
ploring the effect of modifying groups on the activity of LNT can
provide a theoretical basis for the development of LNT derivatives

with specificity.

4 Conclusions

LNT has been used clinically in adjuvant cancer treatment
and postoperative tumor therapy, and related nutraceuticals and in-
jections have appeared. However, compared to its many biological
activities (e. g. , anti-inflammatory, antioxidant, and intestinal
protection, etc. ), LNT still has great value for development and
utilization. Since the discovery of LNT, there have been many
studies on its biological activity, action mechanism and molecular
structure. However, due to the influence of many factors, such as
the extraction method and the mushroom substrate itself, the mo-
lecular weights of the different components of LNT are irregular,
the molecular structure is complex, the efficacy of the different
levels of action, and the relationship between the structure and the
bioactivity is not easy to conclude, which has constrained the in-
depth study of LNT. Tt is difficult to have a unified standard for the
evaluation of LNT, which is also the reason why most countries
prohibit the use of LNT in clinical practice.

In view of the existing problems of LNT, the research on LNT
can be started from the following aspects; (i) On the basis of the
existing studies, the multilevel structures of different components
of LNT can be clarified, and the connection between its structure
and biological activity can be deeply investigated. (ii) For chemi-
cally modified LNT, the influence of the modifying groups on the
structure and biological activity of LNT can be investigated at the
molecular level. (iii) It has been reported that the combination of
LNT with other drugs can enhance the therapeutic effect of the
drug, and the activity of the vaccine can be enhanced. LNT can
enhance the therapeutic effect of drugs and the activity of vac-
cines. Therefore, the action mechanism of LNT when used as a
supplement can be explored to fully investigate the bioactivity of
LNT. (iv) According to a few studies, it has been reported that
changing the medium of shiitake mushrooms can change the bioac-
tivity of LNT, for example, when shiitake mushrooms are cultured
on astragalus, the LNT obtained has more significant antiprolifera-
tive activity, therefore, the change of the medium can be investi-

gated for its influence on LNT bioactivity. Therefore, it is possible

to investigate the effect of the change of culture medium on the bio-
logical activity of LNT, which will provide new ideas on how to ob-
tain LNT with better biological activity. (v) With the development
of the society, people pay more attention to the green and natural
products that are beneficial to human health, and the development
of LNT extracted from shiitake mushrooms, which is a medicinal
and food component, into health care products, functional animal
feeds, and plant seed dressings will be the trend of the develop-
ment in the future. In conclusion, the research on LNT still needs
to be supplemented by a large number of more in-depth studies.
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